Overview of cystic fibrosis and treatments
==========================================

Cystic fibrosis (CF) is one of the most common life-limiting genetic diseases among Caucasians, affecting over 30,000 people in the US and more than 70,000 people worldwide.[@b1-ahmt-7-117]--[@b5-ahmt-7-117] Dysfunction in the CF transmembrane conductance regulator (CFTR) protein leads to altered or absent epithelial anion conductance and transport, resulting in thicker secretions, increased inflammation, and impaired mucosal defense. Consequently, CF has multisystem effects and complications, primarily characterized by pulmonary and digestive dysfunction including chronic sinopulmonary infections, progressive respiratory failure, growth deficits, pancreatic insufficiency, hepatic failure, male infertility, and CF-related diabetes.[@b6-ahmt-7-117],[@b7-ahmt-7-117]

An arsenal of symptomatic treatments and a multitude of prophylactic daily regimens have fortunately extended the median predicted survival age from young childhood to over 40 years in 2013.[@b8-ahmt-7-117] While overall survival and function has improved with the development of new treatments, high adherence is often necessary in order for them to be clinically effective.[@b9-ahmt-7-117]--[@b11-ahmt-7-117]

Treatments for CF fall into multiple categories. These include pancreatic enzyme replacement, fat-soluble vitamin replacement, high-caloric density diets, inhaled treatments such as mucolytics, bronchodilators, antibiotics, and corticosteroids, chest physiotherapy and airway clearance, exercise, oral antibiotics, insulin for CF-related diabetes, and most recently CFTR modulators.[@b1-ahmt-7-117],[@b9-ahmt-7-117],[@b12-ahmt-7-117]--[@b14-ahmt-7-117] With the exception of intravenous antibiotics which are most often used for acute exacerbations, most patients are on a combination of many of the mentioned treatments daily. The treatment regimen for CF is complex, with many people with CF reporting significant time burdens associated with daily treatments.[@b9-ahmt-7-117] While CF patients' mean pulmonary function measured by forced expiratory volume in 1 second (FEV1) over the past 30 years has on average increased significantly, it continues to decline with age.[@b8-ahmt-7-117] Furthermore, epidemiologic data suggest that the steepest decline in FEV1 appears to be during adolescent ages 13--21, the adolescent years.[@b8-ahmt-7-117] This appears to coincide with a period of greater challenges with adherence to daily treatments. This decline could potentially be explained by the fact that reference equations used to calculate lung function in adults are different from those used in children.[@b15-ahmt-7-117] However, the reference equations are changed at the age 18; therefore, this would not explain why lung function decline begins earlier, at the age of 13, when reference equations are the same.

In determining the appropriate strategies to optimize adherence to prescribed regimens for adolescents with CF, it is important to first review the evidence for declining adherence in adolescents, as well as the barriers to adherence. In order to fully appreciate the context of these issues, it is also important to acknowledge the challenges with measuring adherence as well as review known strategies and their studies to date. The goal of this review is to provide an overview of the mentioned issues and propose areas for further research and intervention development.

Adherence to routine CF treatments: evidence of decline in adolescence
======================================================================

Adherence to routine CF treatment regimens is associated with improved outcomes and decreased health care costs in acute care.[@b16-ahmt-7-117] For example, adherence to nutritional treatments (such as vitamins, diet, enzymes) is associated with higher weight and improved nutritional status, which has in turn been shown in childhood to be associated with improved lung function and in turn longer survival.[@b17-ahmt-7-117] Furthermore, airway clearance and chest physiotherapy is associated with maintained lung function and decreased incidence of exacerbations and infection. This is also true of exercise, although its direct effect when used to replace airway clearance is controversial.[@b18-ahmt-7-117]--[@b23-ahmt-7-117]

Evidence suggests that adherence in CF decreases as children get older, particularly in adolescence.[@b10-ahmt-7-117],[@b24-ahmt-7-117],[@b25-ahmt-7-117] However, it is important to note that there exist significant difficulties in measuring treatment adherence accurately.[@b26-ahmt-7-117] Methods primarily include electronic monitoring devices, pharmacy refill data, administrative claims data, pill counts, and self-reports. Self-report is known to be the least reliable form of measuring adherence when compared to other modalities.[@b26-ahmt-7-117] Despite potential inconsistencies and inaccuracies, existing literature in CF generally indicates low overall adherence rates. For example, medication possession ratios (MPRs), calculated as the number of cumulative days of medication dispensed divided by 365 days after the start date of the prescription, can give a general sense of adherence. In 2014, Quittner et al evaluated cumulative MPRs in a sample of 3287 patients with CF from a private claims database and indicated a mean cumulative MPR of 48%, as well as an association between low MPR and higher costs of acute care.[@b16-ahmt-7-117] Furthermore, a 5-year retrospective study by Shakkottai et al comparing number of prescribed refills to the number of actual refills over 1 year indicated that adherence to particular treatments ranged from 46% to 80% depending on the medication and the patient age.[@b1-ahmt-7-117] Siracusa et al also evaluated adherence to the CFTR modulator ivacaftor in 12 patients using electronic monitoring.[@b27-ahmt-7-117] Electronic monitoring data indicated low mean adherence of only 61%, while refill history indicated 84% and self-report was 100%. This demonstrates the high variability of adherence results based on the measurement method.[@b27-ahmt-7-117]

Self-report tends to overestimate adherence, and discrepancies in measurement techniques for adherence are demonstrated in the literature. However, studies using multiple techniques to measure adherence and longitudinal studies with internal consistency do provide an overall picture of low adherence in adolescents, which worsens as they grow older.[@b1-ahmt-7-117],[@b26-ahmt-7-117]--[@b28-ahmt-7-117]

Known barriers to treatment adherence in adolescents with CF
============================================================

Research to date indicates that lower adherence to prescribed medication regimens may be in part due to difficulties with time management, forgetting, increased complexity of regimens, decreased parental supervision, perceived doubts about the necessity of treatments, stigma and reluctance to disclose CF status, and depression in both patients and their parents.[@b1-ahmt-7-117],[@b5-ahmt-7-117],[@b9-ahmt-7-117],[@b11-ahmt-7-117],[@b24-ahmt-7-117],[@b29-ahmt-7-117]--[@b39-ahmt-7-117]

Over the past 2 decades, regimens have increased in complexity with new available treatments causing significant treatment burden.[@b5-ahmt-7-117] This has been evaluated both qualitatively and quantitatively. Sawicki et al developed a treatment complexity score from an observational epidemiologic database of 7525 patients. Over 3 years, this score indicated a significant increase in complexity during that time for all ages. In addition, older adult patients were shown to have more complex regimens than younger adult patients.[@b5-ahmt-7-117] Questionnaire data from the Project on Adult CF (a longitudinal study of adults with CF) in 204 participants showed that treatment activities required an average of about 2 hours a day.[@b5-ahmt-7-117],[@b9-ahmt-7-117],[@b38-ahmt-7-117] Increased treatment burden was associated with using two or more nebulized medications and performing airway clearance treatments for over 30 minutes. Interview data from youth with CF also revealed that the time burden of treatments, in particular inhaled treatments, posed a significant problem.[@b38-ahmt-7-117] Both objective and perceived complexity of daily regimens can also be a barrier to effective treatment adherence.[@b9-ahmt-7-117],[@b38-ahmt-7-117]

In addition to treatment complexity, the role of the family and parents is paramount in determining adherence. As adolescents move away from regular supervision and developmentally begin to strive for more autonomy, adherence is likely to suffer. Family interactions surrounding CF treatments appear to affect overall adherence. In 2015, Butcher and Nasr recorded and coded in-home respiratory treatments for 15 families.[@b35-ahmt-7-117] These families then provided six 24-hour recalls of child medical regimen activities, and electronic airway clearance time was recorded over 3 months to measure medical regimen adherence. Child cooperation was highly associated with positive parental attention, instructions, and avoidance of negative statements. Furthermore, parental presence, positive attention, instructions, and child cooperation during treatments were related to higher respiratory adherence rates.[@b35-ahmt-7-117] In addition, studies with multi-method approaches including report scales, refill data, and prescriber prescription data indicated that higher adherence is more likely to occur in children whose parents strongly believe that treatments are necessary.[@b32-ahmt-7-117],[@b34-ahmt-7-117] Parental supervision was also found to be associated with improved management by Zindani et al who used electronic monitoring systems.[@b31-ahmt-7-117]

Another correlate with adherence is the understanding or perception of the treatment necessity. Bucks et al administered a questionnaire to 38 adolescents in 2009 in which nonadherence to chest physiotherapy or airway clearance appeared to be related to perceptions by the patient of treatment's benefits relative to its potential adverse effects. If there were significant doubts about the necessity of a treatment plan, then it was unlikely that the patients would take the prescribed antibiotic.[@b30-ahmt-7-117] Younger children with involved parents who strongly believe that treatments are necessary were far more likely to be adherent to their treatment compared to their older counterparts without this type of parental involvement or conviction about the benefit of their treatments.[@b32-ahmt-7-117]

Finally, both parental and patient depression have also been shown to be associated with worsened adherence to CF treatment plans. Hilliard et al showed that beliefs about medications significantly mediated this relationship, wherein depressive symptoms were found to be related to beliefs about CF medications.[@b40-ahmt-7-117] One study of multiple chronic illnesses, including CF, indicated through an online survey that alcohol and marijuana use is associated with poor adherence as well.[@b41-ahmt-7-117]

Social isolation/infection control
==================================

Due to colonization with particularly virulent bacteria which can alter a patient's long-term clinical course and lung function, it is now standard of care to recommend that unrelated patients with CF avoid all contact and meeting. This is to protect patients from cross contamination as the majority of patients are colonized with unique bacterial strains.[@b4-ahmt-7-117],[@b3-ahmt-7-117],[@b2-ahmt-7-117] Therefore, traditional support groups or disease-specific means of social support are curtailed due to infection control. This could conceivably exacerbate patients' feelings of social isolation. Prior to microbiological segregation, socialization between CF patients was encouraged, and interventions which included group workshops were being studied.[@b42-ahmt-7-117] So, while support groups and combined group activities are often recommended for patients with chronic illness, CF care guidelines for infection prevention and control preclude that kind of intervention.[@b4-ahmt-7-117]

Potential strategies to improve adherence
=========================================

While numerous studies have defined the issues that appear to hinder adherence as well as those that facilitate it, clear strategies that optimize adherence have had mixed success, and studies are far fewer. Addressing adherence in the clinic encounter is also fraught with challenges. Riekert et al administered a web-based survey of all programs accredited by the US CF Foundation, which showed that only 8% of respondents actually used any objective measures of adherence in clinic, and only 64% discussed adherence at each clinic visit.[@b39-ahmt-7-117] The most common strategy used to improve adherence was counseling based on education. Clear behavioral techniques (such as motivational interviewing \[MI\] and therapy) are used less regularly. The barriers mentioned were limits in skills, staffing, time, and reimbursement.[@b39-ahmt-7-117] This remains an area ripe for future research studies, although the current literature has begun to address this gap. General strategies trialed to improve adherence include education, psychosocial interventions, addressing mental illness and community social support, and online community or text reminders. More recently, there has been some interest in web-based social support and social media, particularly in the setting of inability to have in-person interactions.

Strategies to improve adherence in CF: intervention studies
===========================================================

Empowering patients with the knowledge of the importance of their regimen and enhancing problem-solving skills is a logical step toward addressing poor treatment adherence in chronic illness. For CF specifically, there are only a few published trials of these types of interventions. In 1996, Cottrell et al conducted a randomized controlled trial of 34 families (mean children's age 13.5 years) where the intervention group received training on principles of CF including anatomy, physiology, and pharmacology, and self-management strategies for both respiratory and nutritional issues.[@b43-ahmt-7-117] Outcomes included weight, knowledge of CF, quality of life, and adherence to treatment as measured through self-report in treatment diaries 6--8 weeks post-intervention. In general, outcomes were not significantly different between the intervention and control groups except for significant weight gain in the intervention group. However, at baseline, the mean weight in the intervention group was statistically significantly higher than the mean weight in the control group. This was most likely a result of the small sample size. Furthermore, these data were accumulated with three other trials in a Cochrane review, and the statistical significance was lost in this process.[@b12-ahmt-7-117] Self-reported adherence to airway clearance did not improve significantly comparing the intervention to the control. The authors concluded that self-management training has a positive effect on self-care in CF. Unfortunately, this study suffered from a short followup time, small sample size, and relying on self-report of adherence which is not ideal. Nevertheless, the feasibility of training in self-management can be obtained from this study.

In 2001, Stapleton et al conducted a randomized controlled trial of 59 children aged 2--11 years where the intervention was based on nutritional information.[@b44-ahmt-7-117] The program was called "Go and Grow with CF" and focused on CF-specific nutritional topics (such as enzymes, energy, fat, snacks, and salt) disseminated in written materials, workshops, and weekly activities for 10 weeks completed by children and their caregivers. Questionnaires were used to assess knowledge. Improvement in knowledge was noted in the intervention group immediately post-intervention but not at 1-year follow-up. Weight gain was not a primary outcome.[@b44-ahmt-7-117] This study demonstrates the short-term nature of the intervention's impact.

Subsequently in 2006, Downs et al conducted a randomized controlled trial of 62 children (age 11--13 years) and their caregivers of a written home-based educational program named "Airways" which addressed airway clearance and aerosol knowledge.[@b45-ahmt-7-117] This was divided into chapters and included written child-friendly activities for the children and their caregivers to complete. Follow-up was longer than the prior study at 12 months, and the groups were reportedly equivalent in gender, age, and FEV1. The intervention group had increased knowledge about airway clearance and improved self-reported adherence to aerosol medications but not in airway clearance performed, and they reported more positive feelings about airway clearance. While this study also suffers from the use of diaries and self-reported adherence, it focuses on younger children compared to Cottrell et al for whom baseline adherence is likely higher than in adolescents.[@b45-ahmt-7-117] Nevertheless, this study also indicates that improved knowledge and education might have a mildly positive impact on adherence, although when accumulated with other studies in a meta-analysis, these results were also nonsignificant.[@b12-ahmt-7-117]

A trial by Watson et al in 2008 evaluated a home-based nutritional behavior intervention called "Eat Well with CF" with 74 patients all older than 16 years. Of note, this intervention was meant to include group workshops as well as home-based educational resources on nutritional issues for CF patients. During recruitment, microbiological segregation for patients colonized with *Pseudomonas aeruginosa* was introduced, and so, unfortunately, the study could not continue. Results of the study indicated that there were improvements in nutritional knowledge and self-efficacy scores but not in weight.[@b42-ahmt-7-117]

Given the lack of large, multicenter interventional adherence studies in CF, there is a lack of strong evidence to conclude that any particular intervention leads to significant improvements in patient-centered outcomes such as weight or adherence behaviors, despite improving knowledge.[@b12-ahmt-7-117] Ultimately, while these studies show some value to educational interventions, they are clearly necessary yet not sufficient to improve patient outcomes.

In addition to educational interventions, there exist a host of possible psychological and behavioral interventions which could improve adherence. However, the data on their effectiveness in adolescents with CF are somewhat limited. Stark et al[@b46-ahmt-7-117]--[@b48-ahmt-7-117] conducted multiple smaller studies in the 1990s on improving adherence to nutritional guidelines by providing food diaries and extensive training for caregivers on techniques like praise, ignoring, contingency management, and implementation of a token economy. These studies showed moderate improvement in nutritional intake and status, but focused on younger children under the age of 11 and not adolescents.[@b49-ahmt-7-117]--[@b51-ahmt-7-117]

However, an ongoing study by Quittner et al is testing both a behavioral and a knowledge-based intervention in a 2-year national cluster randomized trial.[@b52-ahmt-7-117],[@b53-ahmt-7-117] Eighteen centers in the US are randomized to either standard of care or a behavioral intervention named Comprehensive Adherence Program (CAP) for 1 year. Sites randomized to the standard of care will transition to CAP in the second year. Outcomes will include knowledge scores on health and various treatments, as well as adherence to prescription refills.[@b52-ahmt-7-117],[@b53-ahmt-7-117]

Regarding behavioral techniques and counseling, the use of MI for medication adherence in chronic illness is growing. MI is a technique that addresses patients' ambivalence toward a particular behavior and uses their own internal motivation to promote behavior change. It is primarily used for substance abuse counseling. While there are no explicit published research trials of MI in CF, there is a growing interest in its use, and its potential benefit was described by Duff and Latchford in 2010.[@b54-ahmt-7-117]

Furthermore, the use of technology as a tool to improve adherence in adolescents with CF is a new and emerging field of potential study. This could include online applications for tracking and access to information, online support groups, or home spirometry and the use of telemedicine. Early work by Johnson et al in 2001 indicated that online support groups for teens with CF were an acceptable medium for communication.[@b11-ahmt-7-117] Interestingly, this was prior to the advent of social media. In general, a multitude of online applications for health management have been created and marketed directly to consumers. There is a significant dearth of studies of these applications in chronic illness, but smaller studies in asthma and cancer have shown some promising results.[@b55-ahmt-7-117] There is general interest from patients and caregivers in phone-based applications to help with CF coordination of care and improve adherence.[@b56-ahmt-7-117] Qualitative work by Hilliard et al on user preferences of a mobile health or mHealth application for adherence in CF indicated that there is interest in application use for CF for a variety of possible functions.[@b57-ahmt-7-117] This was based on interviews with 16 adults with CF. Features that appeared to be preferable included filling prescriptions, access to CF-specific information, and integration with other applications such as calendars, and access to CF care providers. There was hesitation about creating competitions or "games" between patients with CF as patients did not want to compare their health with that of other patients. There were also mixed feelings about interacting with other CF patients online for social support. Universally, participants wanted to limit the need for tedious data entry by the user.[@b57-ahmt-7-117]

Finally, the idea of patients maintaining their own health data such as their lung function has become more popular recently. Home spirometry has been studied and used for clinical monitoring and early detection of exacerbations in CF with some success.[@b58-ahmt-7-117],[@b59-ahmt-7-117] It has not been evaluated as a tool for improving adherence, but there is patient interest in this kind of intervention.[@b57-ahmt-7-117]

Discussion and future directions
================================

It is clear that adherence to an increasingly complex CF treatment regimen tends to decline in adolescence. This has a detrimental effect on lung function and potential health outcomes.[@b8-ahmt-7-117] Decreased adherence is primarily related to decreased parental involvement, the developmental stage of adolescents seeking independence, time management and significant treatment burden, and perceptions of the necessity and value of the treatments prescribed.[@b25-ahmt-7-117],[@b30-ahmt-7-117],[@b34-ahmt-7-117],[@b37-ahmt-7-117] Just as the treatments are complex, so are the reasons for poor adherence. Intervention design for CF faces a unique challenge as infection control requirements preclude in-person support groups or workshops.[@b2-ahmt-7-117]--[@b4-ahmt-7-117] Furthermore, measurement of adherence should ideally be triangulated with more than one method of measurement, appreciating that self-report is often the least reliable measure of adherence.[@b26-ahmt-7-117]

Overall, interventions to improve or optimize adolescent adherence to CF treatment regimens will need to be multi-pronged and comprehensive. Education, while necessary, is certainly not sufficient.[@b42-ahmt-7-117]--[@b44-ahmt-7-117] Communication is crucial and allowing patients to understand the importance of their regimens will be important, but understanding how the treatments fit into their lives and their values is also paramount to working on decreasing these barriers.[@b39-ahmt-7-117] With this in mind, we have identified three primary future directions for research and service development to optimize adherence in adolescents with CF ([Table 1](#t1-ahmt-7-117){ref-type="table"}).

First, interventions should explore ways to make therapies and interventions more practical for adolescents through problem solving and negotiating their treatments into their own lives and values. Individual barriers to adherence should be identified when possible through structured assessments and communication with the CF care team. This kind of attention and planning requires communication about adherence at each routine outpatient CF care visit. Interventions should also be tailored to the developmental trajectories of the patient.[@b60-ahmt-7-117] These would incorporate peers, multidisciplinary clinician input, parents when appropriate, family or spouses, and ultimately working early with patients to help them practice self-management skills. Ultimately, the goal is to ease some of the treatment burden for the patients and their family. This could include limiting medications or frequency of medications (when medically appropriate) in return for improved adherence. Decreasing treatment burden could also include receiving some treatments at school or during work/commutes, social support from family members, and addressing mental health issues.

This type of clinical encounter draws upon the concept of shared decision-making (SDM), in which the patients take an active role, if desired, in their care plans. The physician initiates an intentional conversation with the patient about his/her disease state, and treatment options and their risks and benefits.[@b61-ahmt-7-117],[@b62-ahmt-7-117] This is followed by a negotiated and mutually agreed upon plan that fulfills both the patient's and physician's goals. Data on SDM in the pediatric population is limited, but it has been noted to be of great potential.[@b61-ahmt-7-117] Furthermore, in adults with asthma, there is some evidence that adherence to controller medications improves with SDM compared to usual care.[@b62-ahmt-7-117] Since barriers to adherence in asthma resemble those in CF, it is likely that SDM will help improve adherence as well. Overall, SDM underlies patient-centered treatment planning.

Outside of CF, adherence to medications for chronic illnesses in adolescents is a challenge in multiple chronic illnesses, and the drivers of poor adherence are similar. These include adolescent development, decreased supervision, regimen burden, and lack of understanding of the importance of the medications. This is very similar to CF, and has been described in sickle cell disease, asthma, mental health disorders, and other more rare chronic illnesses.[@b63-ahmt-7-117]--[@b65-ahmt-7-117]

While randomized trials could provide some information on the effectiveness of increasing the priority of adherence training into the CF care team, this kind of change may also lend itself to quality improvement initiatives, whereby results could potentially be identified more rapidly.

Second, technology development is important as it could potentially help with tracking, communication, access to medical information, and potentially online support with other CF patients. Of note, social media and application design would need to be developed with patient input and thoughtful consideration to potential risks, further burden on the patient, and appropriate catering to the patient's individual needs. Some early work has begun to explore these issues, but further studies such as focus groups, adolescent qualitative interviews, needs assessments, and input into intervention design would increase the chance of successful intervention design. Furthermore, allowing the patients to gather and own their own data, such as through fitness trackers, accelerometers, or home spirometry, is another avenue through which adherence could be addressed and potentially improved, making it an area ripe for further research. Ideally, vigorous randomized trials for these kinds of interventions would provide useful data on their effectiveness.

Third, discussions and interventions to improve adherence often require significant resources and time. It is unfortunate that discussion of adherence is often not reimbursed, given that it is known that improved adherence is associated with reduced morbidity, decreased health costs, and longer survival.[@b16-ahmt-7-117] The structure of clinic visits might need to be rethought, and home visits or community-based initiatives may be the key toward empowering patients to take control of their illness and optimize their self-management. Furthermore, it is notable that, despite the presumed negative effects that social factors such as food and housing insecurity would have on a patient's ability to adhere to a complex CF regimen, this possible relationship has not been studied. As health care payment reform starts to allow reimbursement for a wider range of preventative services, systems should be developed for reimbursing adherence discussions, home visits, community-based initiatives, and services that address the social determinants of health. Doing so would ultimately work toward improving outcomes for adolescents with CF.
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###### 

Summary of potential strategies to optimize adherence in adolescents with CF

  Intervention                                                       Potential benefits
  ------------------------------------------------------------------ ---------------------------------------------------------------------------------------------------------------------
  **Patient-centered treatment plans**                               
  Simplify treatments when possible                                  Ease treatment burden
  Structure individual adherence assessments                         
  Shared decision-making                                             
  Involve multidisciplinary team and family                          
  **Technology and application development**                         
  Create applications for tracking, information, and communication   Increased motivation to improve adherence based on viewing tracked health data (PFTs, medication doses missed, etc)
  Incorporate self-recorded health into clinical care                Virtual social support
  Identify social media tools for online community support           
  **Improve CF health service model**                                
  Incorporate adherence discussions                                  Directly addresses individualized barriers to adherence
  Consider home visits                                               
  Develop community-based initiatives                                
  Address social determinants of health                              

**Abbreviations:** CF, cystic fibrosis; PFTs, pulmonary function tests.
